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SUMMARY

Haemophilus influenzae type b (Hib) is one of the leading causes of invasive bacterial infection

in young children worldwide. During childhood, acquisition of antibody directed against the

polysaccharide capsule of the organism, presumably as a result of asymptomatic carriage,

confers protection and disease is much less common after the age of 4 years. Like other

polysaccharides, the polyribosyl ribitol phosphate (PRP) of the Hib capsule is a T-independent

antigen and not immunogenic when administered as a vaccine in infancy. Because the highest

rates of disease occur in the first 2 years of life, efficacious Hib vaccines have been designed by

covalently linking the PRP capsule to a carrier protein that recruits T-cell help for the poly-

saccharide immune response and induces anti-PRP antibody production even in the first

6 months of life. Introduction of Hib protein–polysaccharide conjugate vaccines into many

industrialized countries over the past 15 years has resulted in the virtual elimination of invasive

Hib disease. However, despite the success of the vaccine programme several factors may

interfere with the effectiveness of the vaccine in the routine programme, as observed in the UK

recently. Such factors may include interference with other concomitant vaccines, waning

immunity in the absence of booster doses of vaccine, and reduced natural boosting as a result of

decreased transmission of the organism. However, the burden of disease remains highest in

resource-poor countries and urgent efforts are needed to provide the benefits of this vaccine for

children living in regions where it cannot be used for economic and logistical reasons.
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INTRODUCTION

It is no coincidence that many of the bacteria responsible

for invasive bacterial disease in childhood have a polysac-
charide capsule. The capsule may provide a survival
advantage for these organisms during transmission and
colonization but also facilitates survival in the blood in the

pathogenesis of invasive disease through resistance to
complement mediated killing and phagocytosis.1,2 Anti-
body against the polysaccharide capsule is central to nat-

urally acquired immunity against many of these organisms.
The polysaccharide capsule of Salmonella typhi (St),
Haemophilus influenzae type b (Hib), Streptococcus pneu-

moniae (Sp) and Neisseria meningitidis (Nm) provides both

an opportunity and a challenge for vaccine prevention of
life threatening bacterial infections in childhood.

Whilst varied in chemical structure bacterial capsular
polysaccharides share the common immunological property
of T-independent B-cell activation, which is associated with
poor or absent immunogenicity in infants and a failure to

induce immunological memory at any age. Therefore,
purified capsular polysaccharide vaccines are generally not
satisfactory in early childhood where the burden of disease

is highest. Protein–polysaccharide conjugation has provi-
ded a solution to the problems of polysaccharide immuno-
genicity in childhood by recruiting T cells to the immune

response. Protein–polysaccharide conjugate vaccines for
Hib were the first to be introduced into routine use within a
population, and have been highly effective in reducing the

burden of Hib disease.
The initial success of the Hib conjugate vaccines masked

the multifaceted and dynamic nature of the events under-
lying the vaccine’s protective efficacy. However the increase

in Hib vaccine failures seen in the UK from 1999 onwards
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has revealed the complexity of interaction between vaccine,
immune response and Hib population dynamics.

POLYSACCHARIDE IMMUNOBIOLOGY

Hib disease and natural immunity

Since 1931 it has been known that some strains of
Haemophilus influenzae possess a polysaccharide capsule
and that there are 6 capsular serotypes (a–f).3 Invasive

isolates from patients are predominantly type b organisms
which possess a polyribosyl ribitol phosphate (PRP)
capsule. Hib is a significant cause of bacterial infections

including meningitis, septicaemia, epiglottitis, pneumonia
and septic arthritis, especially in young infants. However,
in the majority of individuals, Hib is a commensal of the
nasopharynx and only a minority of those exposed or

who are carriers of the organism suffer invasive disease. It
has been suggested that the polysaccharide capsule may
confer a survival advantage by allowing evasion of

mucosal immune responses or by facilitating transmission
between hosts by reducing desiccation.4 In terms of
invasive disease the polysaccharide capsule can also be

shown to inhibit serum bactericidal activity and comple-
ment mediated phagocytosis.5,6 During the 1930s and
1940s it was established that antipolysaccharide antibody

was protective against invasive Hib disease.7 Age-specific
profiles of anti-PRP antibodies show a characteristic
pattern.8 Relatively high levels of transplacentally
acquired anti-PRP antibodies fall over the first months of

life to very low levels by around 6 months of age. Sub-
sequently, antibody titres rise again during the second
year of life, presumably as a result of exposure to Hib in

the nasopharynx or other organisms with cross-reactive
antigens.9–11 The age-specific incidence of invasive disease
is inversely related to the titre of anti-PRP antibodies, the

highest incidence of disease in an unvaccinated population
occurring in the interval between the loss of maternal
antibody and the generation of antibody by the child’s
own B cells. In the UK, the majority of invasive disease

occurred during the first 2 years of life.12 In other pop-
ulations, particularly in the developing world, the
majority of disease occurs even earlier during infancy.13,14

Polysaccharide as a vaccine antigen

The type b polysaccharide capsule is attractive as a vaccine

antigen since invasive disease is almost exclusively restricted
to type b organisms and antipolysaccharide antibodies
are important in natural immunity. The induction of anti-

PRP antibodies at an age young enough to protect those
most at risk of Hib disease has been the goal of vaccine
development.

Early observations with Hib demonstrated the limita-

tions of plain polysaccharide as a vaccine antigen. When
given during the first 2 years of life, purified PRP induces
relatively low titres of serum antibodies that are usually

insufficient to protect against invasive disease.15–17 In terms
of immunological memory, antibody induced by PRP

wanes quickly and subsequent immunization shows no
evidence of immunological priming in any age group.18

The immunological mechanisms underlying these
observations are not fully understood. Polysaccharide,

although recognized by B-cell receptors, cannot be pre-
sented to T cells in conjunction with major histocompati-
bility complex (MHC) class II molecules. B cells therefore

lack the ability to directly recruit cognate T-cell help when
stimulated with polysaccharide. The polysaccharide’s
interaction with the B cell is thus termed T-independent

(TI). The lack of specific T-cell interactions in the immune
response limits the immunogenicity of PRP, and the
development of memory B cells with class-switched anti-

body and subsequent avidity maturation cannot occur.
However, experimental studies with mice are suggestive of
an as yet poorly defined requirement for T cells even in TI
interactions.19 It is possible that the antigen is presented in

other forms to T cells, such as via CD1 presentation by
dendritic cells.20

It remains unclear whether the poor antibody responses

in the first 2 years of life are caused by infrequent Hib
carriage at this age or immunological immaturity. The same
vaccine given in later childhood can induce significant

antibody responses.16,18,21 There is some evidence for spe-
cific inhibitory mechanisms that act in infancy to delay the
development of TI responses.22 Another possibility is that
there is unlikely to have been a natural selective pressure to

develop responses to polysaccharide alone as polysaccha-
ride would not be encountered in an isolated form requiring
a protective immune response in the natural world, being

invariably associated with protein antigens in a whole
organism. Polysaccharide and protein encountered in the
context of a whole organism might allow B cells to recruit

cognate T-cell help and generate memory. The response to
plain polysaccharide in older individuals would then be due
to the presence of memory B cells from past carriage of Hib

or organisms with cross-reactive epitopes. However,
although carriage is associated with high serum anti-PRP
antibody titres10,23 evidence for Hib organisms stimulating
immunity in a T-cell dependent fashion is indirect.24,25 In

addition, disease frequently fails to stimulate an antibody
response under 2 years of age and may even suppress the
response to further vaccination suggesting that the induc-

tion of immunity by Hib organisms is modulated by a
variety of factors.26,27

Although many bacterial polysaccharides of Sp, Nm

and Hib are TI this is not an invariant feature of all. Both
serogroup A meningococcal and serotype 3 pneumococcal
polysaccharide produce good responses in infancy.22,28

There are also examples from other species of bacteria of

polysaccharide capsules with TD properties.29 Striking as
these findings are, with possible implications for vaccine
research, these phenomena have not been investigated

extensively in humans.

Protein–polysaccharide conjugates

Over 60 years ago it was demonstrated that bacterial
polysaccharides conjugated to proteins could enhance the
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immunogenicity of the polysaccharide and induce protect-
ive immunity in an animal model.30,31 Following further
studies with a variety of bacterial polysaccharides and in
the light of the limitations of plain polysaccharide vaccine

antigens, Hib PRP was shown to be more immunogenic
when covalently linked to a protein carrier and to show
boosted responses characteristic of T-dependent mem-

ory.32–35 PRP conjugated to a variety of proteins is more
immunogenic than PRP alone and primes for a subsequent
response to PRP in both adults, children and infants.21,35–39

The immunology underlying the improved immunoge-
nicity and priming induced by conjugate vaccines is still
only partially understood. Covalent linkage of protein and

polysaccharide is essential for the enhanced immunoge-
nicity of glycoconjugate vaccines.40 In addition in vitro
studies, using peripheral blood mononuclear cells (PBMC)
from adults given Hib conjugate vaccine, indicate that

maximum antibody production and T-cell proliferation
require direct contact between T and B cells.41 These data
are consistent with the classical mode of presentation of

carrier protein in conjunction with MHC II to the T cell,
leading to germinal centre formation with antibody class
switching, avidity maturation and memory B-cell produc-

tion.42 Such cognate T- and B-cell interactions require the
involvement of costimulatory molecules such as CD40–
CD40L and CD27 ⁄CD70.43–45 CD4+ T cells specific for
the carrier protein have been detected following glyco-

conjugate vaccination and secreted both T helper 1 (Th1)
and Th2 cytokines.46 Studies of other glycoconjugate
vaccines in children have shown an increase in CD40L

mRNA expression in PBMC following vaccination, fur-
ther suggesting the importance of cognate T- and B-cell
interactions in the response to conjugate vaccines.47 The

importance of other cell types in the initial immune
response to conjugate vaccines is highlighted by recent
work with Hib-outer membrane protein complex (OMPC)

vaccine. In contrast to tetanus and CRM197 Hib conju-
gates Hib-OMPC conjugate vaccines appear to engage
Toll-like receptor 2 on dendritic cells, perhaps altering
their regulation of T-cell responses to the vaccine This

interaction may be a factor that contributes to the
improved immunogenicity of this particular vaccine in
infants after a single dose.48

While there still appears to be some variability in the
immune response with age, conjugate vaccines bypass the
relative unresponsiveness of the infant immune system

for plain polysaccharide and provide the basis for the
generation of memory B cells and priming of the immune
system.

Immunological memory to polysaccharide antigens

The nature of immunological memory elicited by polysac-
charide–protein conjugate vaccines has become a key issue

in the light of the rise in true vaccine failures in the
UK since 1999. The accepted method of demonstrating
immunological memory is by the administration of plain

Hib polysaccharide to individuals who have had previ-
ous Hib vaccine compared to individuals who have not

(controls). A more rapid rise and higher final titre of anti-
PRP antibody in the group boosted with PRP as compared
to the controls is taken as evidence of priming.21 In addition
antibody avidity maturation has been suggested as an

indicator of immunological memory, the implication being
that it should correlate with the existence of primed
responses to booster vaccination.49 Although priming is the

conventional measure of immunological memory the rela-
tionship of resting antibody levels to B-cell memory is an
increasingly important consideration.50,51

In practice primary infant immunization with Hib con-
jugates induces significant initial antibody titres that sub-
sequently wane, in some cases to levels that would not be

considered protective.10,23,52,53 Priming can be demonstra-
ted for Hib conjugates even when antibody titres have fal-
len to low levels.54 In addition, children vaccinated with
Hib conjugates show evidence of priming following a

booster dose of PRP even if postprimary immunization
antibody responses were poor.

It is now recognized that there is a difference between

memory responses, as evidenced by priming, and protective
immunity.55,56 Children with invasive Hib disease in both
vaccinated and unvaccinated populations have been shown

to have antibody responses suggestive of immunological
memory, indicating that this was not sufficient to protect
them.25,57 Hence, in the case of invasive Hib disease, con-
ventional measures of immunological memory are not

synonymous with protection.
The accepted means of assessing immune memory, as

described above, following immunization with Hib vaccine

provides limited data about the nature of memory for the
individual or for the population. Indeed, the measurement
of an antibody response to a polysaccharide challenge at a

single timepoint gives no insight into the quality or kinetics
of the antibody produced. Where antibody levels are below
a protective threshold, it is known that several days will

elapse after exposure to an antigen before antibody levels in
serum rise, even in a primed individual. This window allows
for the possibility of invasive disease, in an individual with
immunological memory if invasion occurs too quickly after

nasopharyngeal acquisition. A single measure of antibody
concentration following a booster immunization provides
only a limited assessment of the degree of protection in a

primed individual.
The quality of antibody and the kinetics of the immune

response in an individual may not provide the rule for the

whole population. In any population there will be a dis-
tribution of the quality and quantity of memory responses
to a vaccine such that a proportion of the population will
still be at risk of infection even if on a population level there

appears to be good evidence of protective memory
responses.58 Although antibody titre is established as a
correlate of protection there is no clear correlation between

measures of immunological memory and protection at
either an individual or population level. This is clearly of
great concern in a population whose antibody titre has

waned below the protective threshold.
Current models of B-cell memory suggest that there

are populations of long lasting plasma cells secreting
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resting levels of antibody and populations of B memory
cells maintaining this pool of cells and subserving the
rapid responses seen with priming.50 Although B memory
cells are identified by their class switched somatically

hypermutated immunoglobulin and their possession of
cell surface markers such as CD27,59 it is less clear how
to identify long-lived plasma cells in humans. The pro-

duction and persistence of memory B cells and long-lived
plasma cells in relation to Hib vaccination has not been
studied in depth.

T-cell memory produced by Hib conjugate vaccines
will be specific for peptide sequences derived from the
carrier proteins of these vaccines (N. meningitidis outer

membrane proteins, tetanus toxoid, CRM197 mutant
diptheria toxoid and diptheria toxoid). The presence of
such proteins as vaccine antigens on their own in the
routine immunization schedule may contribute to Hib

conjugate immunogenicity.60 However, carrier protein
specific T cells will be unable to contribute to a secondary
response to an invasive Hib bacterium because they are

not specific for Hib related peptide sequences. This phe-
nomenon may explain some of the difference between the
existence of immunological memory without protective

immunity.61 There is evidence to suggest that natural
exposure to Hib can generate priming and thus by
implication T-cell memory in individuals. Antibody res-
ponses typical of a secondary response were seen in some

children following invasive Hib disease.25 In these chil-
dren the only likely source of previous exposure, to
account for the existence of a secondary response, would

be through carriage of Hib or organisms with cross-
reactive antigens. Support for the concept of carriage
acting to prime for memory has also been gained from

detailed molecular analysis of antibody responses to PRP
vaccination in adults who had not previously been vac-
cinated.24,62 These studies demonstrated a degree of clo-

nality and mutation of Hib specific antibody sequences, in
relation to germline sequences, that was strongly sug-
gestive of a secondary response despite the individuals
lack of previous vaccination. Individuals who were

primed through Hib carriage would have memory T cells
specific for Hib peptide sequences. It is possible that the
lack of Hib specific T-cell help in a vaccinated individual

may confer a reduced ability to respond to Hib than
an individual whose immunity was acquired through
carriage.

Polysaccharide and carrier protein influence

on immunogenicity

Hib conjugate vaccines consist of a length of PRP poly-
saccharide linked to a protein carrier. Such vaccines differ

in the length of polysaccharide, the nature of the protein
carrier and the method of linkage of the two. In general,
although these various Hib conjugates are immunogenic

and efficacious, it is clear that they are not identical in
performance63–70 (Table 1).

Infant vaccination with Hib conjugates usually occurs

at a time when there is persistence of passively acquired
maternal antibodies. Pre-existing Hib antibody modestly
suppresses the antibody response to Hib conjugate vac-

cines.71 However, this effect is less noticeable when vac-
cines are given at older ages and does not seem to affect
immunological memory. Passively acquired maternal
antibody to tetanus increases the immunogenicity of tet-

anus conjugates in some studies and not in others.72–74

Similarly, although prior active immunization with carrier
protein frequently enhances anti-PRP antibodies, dimin-

ished responses have also been noted particularly when
carrier protein immunization is undertaken in the first
month of life.60,75–78 The situation is complex and may

vary for different vaccines in different settings.76 In a
population with high attack rates in the first weeks of
life, a reduced antibody response to the first dose of a
vaccine have a significant impact in terms of efficacy even

if the peak response following a full vaccination course is
unaltered.

The nature of the carrier protein influences priming. A

comparison of three different Hib conjugates (HbOC, PRP-
OMP and PRP-T) given at 2, 3 and 4 months showed a
priming response for all three vaccines when a polysac-

charide ‘booster’ was given at 1 year of age. However the
magnitude of response to PRP-T at 1 year of age was less
than that of the other two vaccines.79 The relevance of this

measure of priming to long-term vaccine efficacy is not
clear.

A further level of complexity is the development of
combination vaccines where there may be interactions

between the other component antigens and the conjugate.
Physical interactions may occur between the individual
components (e.g. precipitation when mixed) or the

immune response to one antigen may be altered by
the immune response to another (e.g. in a situation of

Table 1. Hib conjugate vaccine formulations64,68,69

Vaccine Polysaccharide Carrier protein Linkage Antibody response in infancy

PRP-D Medium Diptheria Toxoid 6-carbon Moderate, after 2nd dose

HbOC Small CRM197 mutant

C. diptheria toxin protein

None Good, after 2nd dose

PRP-OMP Medium N meningitidis protein outer

membrane complex

Thioether Moderate, after 1st dose

PRP-T Large Tetanus toxoid 6-carbon Good, after 2nd dose

Reproduced from; Kelly and Moxon Is Haemophilus influenzae Type b Disease Finished,70 with the kind permission of Kluwer Academic ⁄Plenum Publishers.
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limited antigen presentation capacity, an antigen that is
presented more efficiently could reduce the degree to
which a second antigen is presented to T cells). A well-
documented example of the problems of combination

vaccines is afforded by the interaction of Hib when
combined with diphtheria, tetanus acellular pertussis
(DPT-aP) vaccine. Such combination vaccines result in

reduced primary immunogenicity and immunological
priming related to the acellular pertussis component.80

Simultaneous administration at separate sites shows no

such effect.
Hib conjugates are immunogenic and prime for mem-

ory. However, there are occasional cases of an isolated and

specific inability to respond to Hib and other protein-
polysaccharide conjugate vaccines. The immunological
basis of this unresponsiveness is unclear but may be
important in revealing mechanisms of conjugate vaccine

induce immunity.

DIRECT AND INDIRECT MEASURES

OF PROTECTION

Efficacy trials

The efficacy of PRP conjugated to tetanus or diphtheria
toxoids as carrier proteins against invasive Hib disease in
childhood was proven in several trials including those in

Finland, USA, Africa and the UK.81–84 Estimates of effic-
acy for invasive disease range from 90 to 100% for up to
1 year following vaccination, across areas with widely dif-

fering disease epidemiology. Subsequent experience has
shown a highly significant reduction of Hib disease in
countries where the vaccine has been introduced as a
routine.85–89

There have been notable exceptions to these high
levels of efficacy. The choice of conjugate, the number of
doses and their timing together with the local epidemi-

ology of invasive Hib disease are all important variables
in determining protective effectiveness. A PRP-D conju-
gate that had shown efficacy in Finland was not associ-

ated with protection when introduced into an Alaskan
population with high levels of disease early in life. Vari-
ation in the kinetics and magnitude of antibody induced
by different Hib conjugate vaccines are directly relevant

(Table 1). In the same Alaskan population PRP-OMP
was introduced as a routine Hib vaccine in 1991. A
substantial decline in Hib disease followed. In 1996 this

schedule was changed to the use of HbOC, which was
available as a combination vaccine with diphtheria, tet-
anus and pertussis (DPT). The intention behind the

change in regimes was to reduce the number of injections
at each visit. In the year following this change there were
more cases of invasive Hib disease than the total number

over the previous 5 years since the introduction of the
vaccine. The resurgence of invasive Hib disease was
thought to reflect the high incidence of invasive Hib
in the early months of life and the relatively later onset

of immunity following the two doses of HbOC as
compared with the previous regime using PRP-OMP.90

The development of immunity very early in infancy is
particularly important in countries and ethnic groups
where there is a high attack rate in the first weeks of life
and where most episodes of invasive disease occur by the

end of the first year.

Serological correlates of protection

Determining reliable correlates of vaccine efficacy is
increasingly important where efficacy trials are no longer
affordable or ethical, but new preparations, such as com-

bination vaccines, are under development. In addition
reliable serological correlates of protection are important
for individual clinical advice and the interpretation of

population based sero-epidemiology. Inferring efficacy of a
vaccine from serological variables is not trivial as conjugate
vaccines induce protection via antibody, immunological
memory and herd immunity.

Correlates of protection for invasive Hib disease are
based on measurements of anti-PRP antibody and are
derived from studies of natural immunity, plain-polysac-

charide vaccine responses and passive immunization.91 In
adult sera values of anti-PRP antibody >0Æ04 lg ⁄ml92 or
>0Æ15 lg ⁄ml93 were presumed to indicate immunity as

the incidence of Hib disease was very low in the adult
populations. However such adults would be expected to
have a degree of immunological memory suggesting that
these values may be an over-estimate. An efficacy study of

plain-PRP polysaccharide vaccine in Finland was the
basis for concluding that 1 lg ⁄ml post vaccination was
sufficient to confer protection for the following

12 months.94 Of note, the same group proposed
>0Æ15 lg ⁄ml to give a good inverse correlation with
disease incidence in a non-vaccinated population. This

again suggests the influence of immunological memory
which might be expected to have a role in natural
immunity whereas it is demonstrably absent with the

plain-PRP vaccine. Lastly, the administration of immuno-
globulin containing anti-PRP antibody to children in a
high risk population suggested protective levels of
0Æ05–0Æ15 lg ⁄ml. The interpretation of these data are

complicated by problems of interassay standardization
which are still a significant problem for the Hib enzyme-
linked immunosorbent assay.

The above data indicate that protection correlates with
serum antibody concentrations of 0Æ04–1Æ0 lg ⁄ml. How-
ever this provides no information on the role of immuno-

logical memory, isotype or avidity of antibody. In
addition, it is likely that correlates may vary between
populations, either caused by host genetic variability in

the immune response to vaccine and pathogen, or because
the epidemiology of invasive Hib disease is different. Both
Alaskan and Finnish infants made comparable antibody
responses to a PRP-D vaccine. The efficacy in Finnish

infants under 2 was 90% whereas there was no demon-
strable efficacy in the Alaskan population.91 Whilst there
are accepted correlates of protection for Hib it is not

clear to what extent these are adequate for all individuals
or all populations.
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HIB CONJUGATE VACCINES AND

HIB CARRIAGE

The response to routine infant immunization with Hib
conjugate vaccines extends beyond the individual immuno-

logical response. An effect on Hib carriage is particularly
important for a pathogen whose sole host is man. It is now
clear that immunization has resulted in profound changes

in the dynamics of Hib carriage.

Carriage

Given the relative inadequacy of plain-PRP vaccines in
protecting against invasive disease and the absence of any
evidence of their effect on carriage, it was surprising that

Hib conjugate vaccines dramatically reduced carriage in
children within vaccinated populations.88,95–97 In a UK
population carriage rates of 8–12% were seen in preschool
children prior to the introduction of routine Hib conjugate

vaccines.10,95 A study in a fully vaccinated group of pre-
school Oxfordshire children put the carriage rate at 1Æ3%.23

It is notable that vaccination does not appear to eliminate

concurrent carriage but prevents establishment of further
episodes.95 The mechanisms by which carriage is reduced
are not clear. Previous studies with plain-polysaccharide

vaccines had suggested mucosal immunoglobulin A (IgA)
was insufficient to prevent colonization.16,98 In a study
using a Hib conjugate, serum IgG correlated with salivary
IgG post vaccination suggesting the possibility of transu-

dation of serum IgG across mucosal surfaces.99 A threshold
serum IgG concentration of 5 lg ⁄ml was associated with a
reduction in carriage in children given Hib conjugates in the

Dominican Republic.100 It is likely that Hib IgG antibodies
cross mucosal barriers above a minimum threshold value.

The reduction in Hib carriage directly facilitates herd

immunity and significantly contributes to the protection
of the vaccinated population.101,102 However, in a non-
vaccinated population, Hib encountered in the course of

childhood may contribute to immunity by repeated stimu-
lation of antibody production thereby inducing both indi-
vidual and herd immunity. Thus in a vaccinated population
reduction in carriage results in a decrease in natural

boosting and, in the absence of further doses of vaccine,
serum antibody titres wane. Initial efficacy trials, involving
only a subset of the population may have underestimated

this effect. Since 2000, lower antibody titres have been
observed in children aged 3 years as compared to titres
from 3 years old children vaccinated in the early 1990s

(D. Kelly, unpublished observation). These lower titres may
reflect decreased boosting through carriage. The adult
population in most countries has never had Hib conjugate

vaccines and may be very dependent on the ‘natural
boosting’ of Hib carriage to maintain Hib immunity. In the
UK there has been an increase in disease in the over-15s
since 1999, although the levels of disease are not dissimilar

to those prior to the introduction of Hib conjugates in
infancy.103 This may reflect waning immunity in the adult
population as a result of reduced carriage rates in the

vaccinated population and herd immunity.

An effect on carriage appears to be a feature of all the
licensed conjugate vaccines against the encapsulated bac-
terial pathogens (Hib, Nm and Sp) that are commonly
found as nasopharyngeal commensals. However, the epi-

demiology of carriage varies among these species and the
effect of conjugate vaccines on carriage dynamics is not
amenable to universal predictions.

Natural selection in Hib

Carriage of several capsular variants of H. influenzae in the

nasopharynx raises the possibility that vaccine pressure
against carriage of type b strains could increase the pre-
valence of other capsule types (a,c–f) in carriage and dis-

ease. Previous work has shown that some aspects of
virulence are shared by other capsule types5 but it is unclear
what differentiates Hib from other serotypes in its potential
to cause invasive disease.

The virulence potential of type b organisms may be
related to properties other than the capsule and it is poss-
ible that capsule switching could enable the emergence of an

organism with the genome of a type b clone bearing a non-b
capsule. Evidence for capsule switching has been docu-
mented, although it is thought to be a very rare event.104

Bacterial strains (clones) which have undergone capsule
switching can have significant epidemiological conse-
quences even without the imposition of vaccine related
selective pressures. The relatively low rates of carriage and

disease caused by H. influenzae strains other than type b
make it difficult to rule out the impact of selective pressures
with any statistical rigour because the numbers involved are

too small. Nonetheless, more than 11 years of UK sur-
veillance since the introduction of routine immunization
with Hib conjugates has not shown any trend towards an

increase in disease caused by nontype b encapsulated strains
of H. influenzae.105

Capsule switching has been clearly described for

N. meningitidis. In Oregon, USA, a rise in meningococcal
disease cause by a serogroup B ST-32 ⁄ET-5 clonal complex
was noted starting in 1993. In 1994 serogroup CST-32 ⁄ET-5
clones were first isolated and shown to have arisen by allelic

exchange of a capsule biosynthesis gene from a serogroup B
organisms.106

INSIGHTS FROM VACCINE FAILURE

As a result of the routine use of Hib conjugates in infancy in
the UK the incidence of invasive Hib disease fell from

22Æ9 ⁄100 000 in 1990 to 0Æ65 ⁄100 000 in 1998 in those less
than 5 years old.107 Initial estimates of efficacy indicated
the adequacy of the UK schedule where immunization is

given at 2, 3 and 4 months and there is no booster despite
low antibody titres in preschool children.53,108 Although
Hib conjugate vaccines are highly protective, there
have continued to be small numbers of true vaccine fail-

ures.109–111 Detailed studies of UK children with invasive
Hib disease found that true vaccine failures (Hib disease
after three doses of vaccine) accounted for about half the

incidence of invasive Hib disease in the late 1990s. The
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median age of children presenting with vaccine failure was
23 months and 61% presented with meningitis. In only

44% was there a clinical risk factor (e.g. prematurity,
malignancy) or immunoglobulin subclass deficiency.109

Between 1999 and 2003 there was a steady rise in cases

of invasive Hib disease in fully immunized children under 5
in the UK to 4Æ6 ⁄100 000 in 2002 (see Fig. 1).

During this period there was no significant change in
vaccine coverage102 and it seems unlikely that demographic

and social variables could have altered fast enough to
account for the speed of increase in cases. The UK is almost
unique in the rise in vaccine failures observed since 1999.

Specific features of the UK vaccination programme (lack of
a booster dose, the initial ‘catch-up’ campaign and use of
acellular pertussis combination vaccines) appear to have

been factors contributing to the increase in vaccine failures
at this time.

UK population-based data confirms what has been

observed during immunogenicity studies, that following
primary immunization antibody levels wane rapidly over the
following years to a point where, if not boosted, significant
proportions of a population of children have titres below

conventional measures of protection.52 Within the UK there
was an initial optimism regarding the lack of need for a
booster vaccination53 supported by demonstration of

primed responses even in the face of low antibody titres.54

However, in countries where routine boosting with Hib
conjugates at 18 months of age is undertaken there has been

no increase in vaccine failures and evidence of significant
levels of antibody up to 10 years of age.112 The low titres
observed in the UK may have been exacerbated by the loss

of ‘natural boosting’ associated with a reduction in carriage.
A comparison of vaccinated and unvaccinated children in
the UK presenting with Hib meningitis suggests the presence
of immunological memory in the vaccinated children. This

was judged by their greater antibody response in compar-
ison to those unvaccinated57 showing that priming is not
necessarily protective. In addition a recent re-evaluation of

efficacy data has demonstrated that UK Hib conjugate
vaccine effectiveness falls at 2 years post vaccination,
correlating with the time of lowest anti-PRP titres.102

A further factor in the timing of the appearance of
vaccine failures has been the original ‘catch-up’ campaign

associated with the introduction of routine infant Hib
conjugate immunization in the UK in 1992. All those aged
6 months to 4 years received a single dose of vaccine. This
boosted the levels of antibody in these age groups beyond

that expected had these age groups received only primary
immunization at 2, 3 and 4 months of age.52 The ‘catch-up’
campaign increased the apparent effectiveness of vaccin-

ation by boosting immunity in older age groups with a
concomitant effect on herd immunity. Predictably, with
increasing time since the ‘catch-up campaign’, the mean

antibody titres in 1–5-year-old age groups have fallen so
as to reflect those expected in a steady state following
immunization at 2, 3 and 4 months without a booster.

From 1998 onwards all those under 4 years would have had
vaccination as per the infant immunization schedule.

Perhaps of prinicipal importance, a final factor appears
to have contributed to the rapid increase in vaccine failures

seen from 1999 onwards. Preceding the increase in vaccine
failures there was a shortage of combined Diphtheria ⁄Tet-
anus ⁄whole-cell Pertussis ⁄Hib (DTwP-Hib) conjugate vac-

cine. As a result there was widespread use of a DTaP-Hib
vaccine from late 1999 onwards. Reduced antibody
responses to Hib conjugates have been well documented

using acellular pertussis ⁄Hib combinations.80 This effect is
increased by accelerated immunization schedules such
as that in the UK113 and more marked with increasing
doses of acellular pertussis combinations.114 However,

immunogenicity had been noted to be within the range of
immunogenicity obtained for the use of Hib vaccines
administered as a separate vaccine and found to be highly

efficacious. A case–control study of true Hib vaccine fail-
ures in UK children showed a significantly increased inci-
dence of disease among those who received DTaP-Hib

combination vaccines.107 The odds ratio for vaccine failures
in those who received 3 doses of DTaP-Hib versus controls
was 6Æ4 (95% CI 3Æ1–13Æ2). The precise immunological

mechanism responsible for the excess of vaccine failures
following the combination vaccine is not known.

Confirmatory evidence for the idea that multiple factors
have coincided to result in vaccine failure is found from a

graphical analysis of the cumulative number of Hib cases
by age for annual birth cohorts since 1996 (see Fig. 2). A
trend to increased amounts of invasive Hib disease at ear-

lier ages is seen between 1996 and 1999 prior to the use of
acellular pertussis containing vaccine in the UK. This trend
is compatible with the effects of falling carriage rates and

the gradual waning of herd immunity amongst those
immunized in the catch-up campaign. The more marked
increase in incidence between 1999 and 2000 coincides with
the use of acellular pertussis combination vaccine. It is

unclear whether the trend noted prior to 1999 would have
become significant in public health terms without the sub-
sequent introduction of acellular pertussis combinations.

Of note in this regard is recent experience in the Nether-
lands where there was no catch-up campaign when the
vaccine was introduced in the Netherlands and a whole cell

pertussis vaccine is used.115 In 1999 the schedule was
changed from 3, 4, and 5 months with a Hib booster at
11 months to 2, 3 and 4 months with the booster retained.
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Figure 1. Cases of invasive Hib disease by age, England and Wales,

1990–2002. Data from Trotter et al. (2003).105 Reproduced by

permission of the Health Protection Agency.
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A large increase in the number of Hib cases was seen in

2002.
In response to the rise in Hib cases in the UK a further

‘catch-up’ campaign has been undertaken. By giving an
additional single dose of Hib conjugate to each child

between 6 months and 4 years of age116 the aim is to boost
anti-PRP antibodies in all those who are immunized and
increase herd immunity. Finding a long-term solution may

be more complex, particularly with the current public
debate on vaccine safety and the ever increasing number of
antigens added to the routine vaccination schedule, each

with varying effects on immunogenicity.
Just as syndromes of immune deficiency have provided

invaluable insight into the function of different components

of the immune system, the study of vaccine failures provide
the potential for novel insight into vaccine immunology.
A systematic approach to the documentation of immuno-
logical and genetic information from children with vaccine

failure requires a sustained surveillance infrastructure.

CONCLUSION

The increased use of acellular pertussis combination vac-
cines in the UK from late 1999 onwards precipitated a large
number of Hib vaccine failures. This occurred in the con-

text of waning population immunity in part a result of the
relatively short period of protection offered by the use of
Hib conjugate vaccines at 2, 3 and 4 months without a

booster. A more comprehensive understanding of the
interaction between vaccine and natural immune responses,
herd immunity and disease is gradually emerging. Despite
many similarities in epidemiology and the immunobiology

of protein-polysaccharide conjugate vaccines for Hib, Sp
and Nm the emergent epidemiology for disease caused by
each organism in a vaccinated population may well be

different. For both Sp and Nm there are significant periods
of risk later in life (in old age and in teenagers, respectively)
so that there may be even more problems associated with

waning immunity than have been seen so far with Hib.
Furthermore, there are already capsular variants of Nm

and Sp that will not initially be covered by current vaccines
raising significant concerns that strain replacement will
occur.

The introduction of new vaccines is always a public

health experiment. Experience with Hib conjugate vaccines
emphasizes the prolonged duration of time over which
surveillance must be undertaken to monitor the results of

such experiments. However, such surveillance can provide
valuable insights into vaccine immunobiology and reas-
surance about the ability of vaccines to reduce the burden

of these serious diseases. Most resource-poor countries will
not have access to conjugate vaccines despite a significant
disease burden in many areas.117 The provision of Hib is a

WHO priority,118 but cost and logistics remain significant
hurdles in delivery.119 In addition, basic epidemiological
information is missing for some regions120 and significant
steps could be taken today by defining burdens of disease

and expanding implementation of these highly efficacious
vaccines.
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